High-field terahertz (THz) pulses with frequencies in the 1-10 THz region are of enormous interest for a variety of applications ranging from standoff THz spectroscopy to novel nonlinear THz interactions, e.g., in graphene or other media. However, currently high-field THz pulses (peak field '20 MV=cm) can only be provided by large-scale, accelerator-based facilities [1], whereas table-top solutions (relying on small-scale laser systems) are still an open issue, which is mainly being addressed by optical rectification in nonlinear crystals, resulting in peak fields currently limited to '1:5 MV=cm [2,3]. Higher field values can be achieved by differencefrequency generation in second-order nonlinear crystals but are limited to the >10 THz carrier frequency regime [4, 5] . Laser-induced ionization in symmetry-broken laser fields, obtained by focusing an optical pulse together with its second harmonic in a gas [6] , may provide a viable solution for high-field table-top THz generation owing to the extremely large bandwidths and remarkable focusing properties of the generated pulses [7, 8] , an important feature that allowed Bartel and coworkers to report peak field values up to 0:5 MV=cm [9] .
However, until now, attempts to further increase the THz peak field have essentially relied on increasing the pump energy. Unfortunately this method is hampered, on the one hand by saturation effects due to plasma defocusing as well as other detrimental nonlinear mechanisms that act to finally quench the increase of the THz generation efficiency [10, 11] currently limited to 10 À4 -10 À5 [12, 13] . On the other hand, increasing the radiated THz energy does not necessarily translate to higher THz peak fields since the spatial and temporal profiles as well as the coherence properties of the optical pump play a role in determining the spatial and temporal properties of the THz field [11, 14] . No methods to significantly scale up the THz generation efficiency or peak field in plasma have proven to be effective so far.
In this Letter, we demonstrate an effective wavelength scaling mechanism for single-cycle THz field generation. Our approach is inspired by a similar paradigm-changing demonstration at the opposite end of the electromagnetic spectrum, i.e., soft x-ray or extreme ultraviolet (XUV) generation by laser-induced tunneling processes in gases [15] . Remarkable photon yields in the x-ray water window have been demonstrated by pumping with longer laser wavelengths in order to take advantage of the wavelength 2 scaling of the laser-induced ponderomotive energy (see, e.g., Ref. [16] ). Although the physics of THz generation is different from XUV generation, similar scaling laws in the intensity of the laser-induced plasma currents (and hence THz emission) have also been studied numerically following our preliminary theoretical and experimental results [17, 18] . Our model verified by experimental results shows an effective wavelength scaling mechanism proportional to 4:6 for single-cycle THz field generation by two-color laser-induced ionization. It also indicates the possibility of a further scaling at longer wavelengths.
We first describe THz generation from a two-color laserinduced plasma filament generalized in order to account for the effect of wavelength scaling and also of the specific focusing conditions (i.e., plasma filament volume) that are achieved in our experiments. Modeling the photocurrent mechanism requires solving the equations that describe the evolution of the current source for THz generation driven by the laser field [11, 19] [21] ). We note that in the tunneling regime, the ionization rates do not depend on the wavelength. The model we are considering is, however, valid from the multiphoton to the tunneling regime and includes a wavelength dependence in the domain of intensities corresponding to multiphoton ionization. We take the polarization of the second harmonic field, also propagating in the z direction, to be parallel to the polarization of the fundamental pulse and the complete two-color laser field is included as a single component:
To first approximation, the collision time c is much longer than the optical period, and the currents can be obtained as a power expansion of the pump electric field:
The photocurrent term in Eq. (2) is dominant for THz generation in the two-color configuration, provided that the relative phase between the fundamental and the second harmonic fields ensures the required asymmetry in the ionization [11, 19] , e.g., when the phase difference between fundamental and second harmonic approaches . Equation (2) predicts, in the case of tunneling ionization, a linear dependence of the transverse photocurrent from the pump wavelength, which in turn results in a quadratic scaling of the radiated THz energy with the pump wavelength, i.e., as 2 , for a wavelength-independent excitation volume (see also the Supplemental Material [22] ).
In order to correctly model an experiment, we then need to carefully account for the specific focusing conditions adopted when comparing the THz yield with varying pump wavelengths. For example, in this work we choose to use both a fixed focal length input focusing mirror and a fixed input energy. This results in a beam focusing volume and peak pump intensity that will change with wavelength as a result of simple linear focusing considerations. In more detail, for fixed focusing and input energy conditions the plasma length and radius (determined by the focused Gaussian beam Rayleigh range and diameter, respectively) scale as , while the peak intensity decreases as À2 . Including these parameters in the numerical simulation will therefore introduce a correction to the simple THz energy 2 scaling law predicted above. The precise impact of all these parameters is determined by numerically evaluating the THz emission and calculating the macroscopic photocurrent source term considering a 60 fs pulse duration, 400 J input pulse energy, and a 20 J second harmonic energy for varying wavelengths between 0.8 and 2 m. For simplicity, the plasma density has been considered uniform over the linearly focused beam Rayleigh range. The radiated THz energy is then obtained by integrating the photocurrent source term over the effective volume, as described in the Supplemental Material [22] . The solid line in Fig. 1(a) depicts the results of this model: a remarkable wavelength scaling is predicted that is actually much larger than $ 2 and is the combined result of both the fundamental 2 law resulting from the actual plasma currents and the effect of the wavelengthdependent plasma volume. However, we note how the model also predicts a sudden drop in the THz conversion PRL
This drop is to be attributed to the fact that with increasing wavelength (and all other fixed input conditions as described above), the peak intensity decreases. For shorter wavelengths, the medium is completely ionized, N ¼ 1. However, at $ 1:8 m the threshold is reached for which ionization drops below 100% [black dashed curve in Fig. 1(a) ]. Consequently, the associated THz emission suffers a sudden drop. This indicates a clear feature in the THz yield that is related only to the specific focusing conditions adopted in this work and at the same time indicates a route to maintaining the THz wavelength scaling, i.e., by controlling the input conditions in a different fashion.
In our experiments, carried out at the infrared beam line of the advanced laser light source (ALLS) [23] , we considered the same parameters and conditions used in the model. The layout is sketched in Fig. 2: we employed 12 different pump wavelengths for the THz generation between 800 nm and 2:02 m. The 1:225-2:02 m pulses were delivered by a commercial optical parametric amplifier (TOPAS, Light Conversion Ltd.), while the 800 nm pulse came directly from the laser amplifier. The pulse duration was 60 AE 5 fs (full width at half maximum) throughout all the measurements and was monitored using a home-built frequency resolved optical gating. We also fixed the focusing condition: '6 mm beam waist (after spatial mode cleaning in a vacuum cell) collimated on a 4 in. equivalent focal length (EFL), 90 deg off-axis parabolic mirror. A free-standing, 100 m thick -barium borate (BBO) crystal was employed for frequency doubling the pump pulses, and all the measurements have been performed for a fixed fundamental to second harmonic energy ratio of '5% while the BBO-plasma distance was also fixed at '1:2 cm. The setup was purged with pure nitrogen so as to avoid THz absorption from atmospheric water molecules. Finally, the input fundamental pulse energy was fixed at 400 AE 5 J. For all wavelengths, the total THz energy radiated from the few-millimeter-long plasma source was measured by a calibrated, commercial pyroelectric detector (Molectron, Coherent) after eliminating the pump radiation with three long-pass multimesh filters (QMC Instruments Ltd.) providing 10 À6 total rejection above 20 THz. Figure 1(b) shows the radiated THz energy as a function of increasing pump wavelength [solid circles, also shown in Fig. 1(a) ]. In particular, we can highlight a clear monotonic increase in the THz yield fitted by a 4:6AE0:5 power law in Fig. 1(b) , which continues up to pump wavelengths of 1:8 m. Pump wavelengths longer than '1:85 m show an actual decrease in the observed THz energy and conversion efficiency, in very good agreement with our model. In the reported data, the maximum gain in the energy conversion efficiency calculated as the ratio between the THz energy at 1:85 m and at 0:8 m (i.e., the standard pump wavelength used in all experiments to date) reaches up to a factor of 30.
In order to fully characterize the generated THz pulses, we recorded both their electric field and beam profile. For the time-resolved electric field measurement, we relied on the air-biased-coherent-detection scheme (ABCD) [24, 25] performed via a 45 fs (full width at half maximum), 800 nm, 40 J probe pulse focused to a '10 m spot size. The probe pulse was overlapped to the THz beam tightly focused by a 90 deg off-axis parabolic mirror (2 in. EFL, 2 in. aperture, see Fig. 2 ) via a 1.5 mm diameter hole in the mirror. An oscillating electric field of ð26:7 AE 2Þ kV=cm biased the interaction, and the signal was detected after suitable filtering by an amplified photodiode (Femtowatt, New Focus) and a lock-in amplifier. Figure 3 shows the normalized THz field temporal profiles [ Fig. 3(a) ] and relative power spectra [ Fig. 3(b) ] for an 800, 1450, and 1850 nm pump laser pulse wavelength. The electric fields and spectra are relatively similar in shape, confirming that we scale the THz energy while maintaining the temporal quality of the single-cycle THz electric field pulse. In addition, we recorded with a camera (PV-320, Electrophysics) the THz beam profile generated by the 1850 nm pump pulse at the detection plane, replacing the last THz focusing mirrors with a 2 in. EFL mirror without a hole. The sub-90 m THz beam shown in Fig. 3(c) proves that the generated THz field is characterized by an excellent-near wavelength-limited-focusability.
The THz electric field for a 1850 nm pump pulse has been evaluated considering the recorded energy U ¼ ð630 AE 15Þ nJ, the temporal THz electric field trace E m ðtÞ, and the beam profile obtained via a Gaussian fit of the recorded data: Gðx; yÞ ¼ expðÀx 2 = 2 x À y 2 = 2 y Þ with x ¼ ð89 AE 3Þ m and y ¼ ð82 AE 4Þ m. Considering E m ðtÞ such that E m ðtÞ ¼ <½E m ðtÞ and 0 the vacuum impedance (377 ), the THz field reads   FIG. 2 (color online) . The wavelength tunable output from a commercial optical parametric amplifier (OPA) is focused together with its second harmonic generated by a BBO crystal. The generated THz pulse is collected by a parabolic imaging system and focused into the detection setup. The time-resolved electric field is detected via ABCD. A pyroelectric detector and a camera also monitor pulse energies and beam profiles, respectively. and the field amplitude generated by the 1850 nm pump pulse reaches what is, to the best of our knowledge, the highest reported value for a single-cycle sub-10 THz pulse delivered by a table-top source: 4:4 AE 0:4 MV=cm.
The excellent agreement between our model and the experimental data allows us to speculate that the main wavelength-scaling effects at play are related to the photocurrent amplitudes combined with linear focusing geometry effects. This suggests that under the appropriate focusing conditions, e.g., for constant intensity and interaction volume, it would be possible to further increase the THz energy with pump wavelengths longer than 2 m (see comments in the Supplemental Material [22] ).
We note that alternative wavelength scaling mechanisms may arise either due to higher-order (e.g., ponderomotive [26] ) terms in the plasma currents or from an enhanced ionization asymmetry induced by single-cycle dynamics [27] . Both these effects have been predicted for single-color laser driving schemes, where waveform controlled THz generation has been recently demonstrated by means of midinfrared few-cycle pulses [28] . These mechanisms, however, typically have conversion efficiencies orders of magnitude lower than those observed here [19] (see Supplemental Material [22] for a detailed discussion).
In conclusion, we show that scaling to longer wavelengths strongly boosts the down-conversion efficiency in the THz region. The agreement between our model and the experiments indicate that the dominant scaling mechanism is related to the induced plasma currents but also shows a strong dependence on the input focusing conditions. We observe the generation of linearly polarized THz pulses with conversion efficiencies from the midinfrared pump to the THz pulse >10 À3 , i.e., almost 2 orders of magnitude higher than in previous plasma-based generation experiments performed with an 800 nm pump wavelength at similar laser pump energies, featured by a record-breaking THz peak field (4:4 MV=cm). We envisage that scaling further with longer wavelengths is certainly feasible and will pave the way for applications in nonlinear THz optics. As a first example, we note that our source allowed us to discover a novel counterpropagating nonlinear wavemixing effect in diamond [29] , 3D space-time mapping of THz fields by means of standard CCD [30] , and THz-triggered coherent emission from excited nitrogen molecules, which will be described elsewhere. 
